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Introduction {#sec001}
============

To study effects of environmental factors on obesity and to evaluate the effects of novel therapies to prevent or treat obesity in humans, the use of animal models remains indispensable. Rodent models for obesity share some of the characteristics of obesity in humans and include those that are based on genetic alterations and/or environmental manipulations such as exposure to high fat diet or chronic stress \[[@pone.0225488.ref001], [@pone.0225488.ref002]\]. Such manipulations typically modulate the central and peripheral regulation of energy balance, resulting in hyperphagia and increased adipose tissue deposition. Many studies apply individual housing of the animal (i.e. one animal per cage) to allow quantification of food intake, energy expenditure and other behavioural, metabolic or physiological parameters relevant to energy balance regulation at the individual level. For social species such as rodents however, social isolation that comes with individual housing may cause chronic stress \[[@pone.0225488.ref003], [@pone.0225488.ref004]\], which can lead to neurocognitive impairments and altered anxiety and depression-like behaviours \[[@pone.0225488.ref005]--[@pone.0225488.ref007]\]. Moreover, based on the results of a systematic review and meta-analysis we recently conducted \[[@pone.0225488.ref008]\], we concluded that individual versus social housing of rats and mice alters metabolic health status. For instance, individually housed mice show increased energy intake and altered adipose tissue deposition compared to socially housed mice, thought the extent to which this occurs may be sensitive to strain, diet and other environmental factors \[[@pone.0225488.ref009]--[@pone.0225488.ref012]\]. Social isolation stress may indeed affect the neurobiological control of food intake by affecting brain area's involved in energy balance regulation such as the hypothalamus \[[@pone.0225488.ref013], [@pone.0225488.ref014]\] and the reward system \[[@pone.0225488.ref015]\]. Among the mechanisms through which social isolation can induce these changes is an increase in hypothalamic-pituitary-adrenal (HPA) activity and responsiveness \[[@pone.0225488.ref016]--[@pone.0225488.ref019]\], affecting circulating glucocorticoid levels that can directly target the CNS-adipose tissue axis and favoring visceral fat storage \[[@pone.0225488.ref020]--[@pone.0225488.ref022]\]. For mice in particular, individual housing may also provide a direct physiological challenge with respect to thermoregulation. Social thermoregulation by huddling is a strategy applied by many rodent species to conserve energy \[[@pone.0225488.ref023]\]. The standard environmental temperature in laboratories (i.e. around 20° C) is below the thermoneutral zone defined for mice \[[@pone.0225488.ref024]\]. Increased energy intake, expenditure and/or energy storage could therefore be necessary to support the demands of increased thermogenesis when mice are housed individually.

Due to critical steps in brain and endocrine development that take place in the period between weaning and sexual maturation in rodents, adolescence represents a period of heightened vulnerability to social isolation stress \[[@pone.0225488.ref025]\]. Indeed, profound abnormalities in brain structural and functional development due to social isolation occur specifically during adolescence, disrupting cognitive and behavioural function at later life stages \[[@pone.0225488.ref026]--[@pone.0225488.ref028]\]. Adolescence is also a period of rapid lean body growth \[[@pone.0225488.ref029]\], which is accompanied by a high energy demand. Moreover, this period also represents a critical phase for the development and maturation of (visceral) white adipose tissue \[[@pone.0225488.ref030]--[@pone.0225488.ref032]\] and the structural and functional maturation of the hypothalamic circuits that control food intake \[[@pone.0225488.ref033]\]. Housing-induced changes in energy use and distribution during this critical stage of life may therefore interfere with adolescent growth and body composition development. This may have a strong and permanent impact on energy balance regulation and metabolic phenotype. The metabolic consequences of individual housing starting at adolescent age have only been investigated in a limited number of studies in mice. Moreover, these studies appear to be contradicting, for instance early life individual housing was reported to increase \[[@pone.0225488.ref034]\], reduce \[[@pone.0225488.ref035]--[@pone.0225488.ref037]\] or not to affect \[[@pone.0225488.ref011], [@pone.0225488.ref038]--[@pone.0225488.ref040]\] body at later (adult) life stage. Likewise, adult adiposity at 11 to 12 weeks was increased \[[@pone.0225488.ref034]\] or not affected \[[@pone.0225488.ref036]\] as a result of individual housing directly after weaning. However, the consequences of post-weaning individual housing on body composition at earlier stage of live, i.e. during adolescence, remain to be characterized. Importantly, whereas it is was proposed that individually housing induces adaptations in energy balance regulation in order to support increased energy demand for thermogenesis \[[@pone.0225488.ref008]\], there are no studies yet comparing energy intake and energy expenditure of mice housed individually or socially directly after weaning and in relation to (long term) metabolic phenotype. In the current study, we aimed to characterize the short- and long-term metabolic consequences of post-weaning individual housing for mice. We hypothesized that individual housing increases visceral body fat deposition. To this end, we evaluated, at adolescent and adult age (diet induced) body weight (gain), body composition, and markers of energy balance regulation in male C57BL/6 mice housed individually (IND) or socially (in pairs; SOC) from weaning onwards.

Results {#sec002}
=======

Individual housing of mice reduces adolescent growth rate while increasing adiposity {#sec003}
------------------------------------------------------------------------------------

The growth rate of individually housed mice (IND) was reduced compared to that of socially housed mice (SOC) during adolescence (from weaning at postnatal day (PN) 21 until PN42; [Fig 1A](#pone.0225488.g001){ref-type="fig"}). The difference between IND and SOC in body weight first reached statistical significance at PN35. Upon dissection at PN43, IND showed a reduced femur length ([Fig 2C](#pone.0225488.g002){ref-type="fig"}) and---width ([Table 1](#pone.0225488.t001){ref-type="table"}) compared to SOC while the reduction in lean body mass percentage (LBM%; [Fig 2A](#pone.0225488.g002){ref-type="fig"}) was not significant. Despite their lower bodyweight, IND showed higher adiposity than SOC at this age as evident from a higher body fat % ([Fig 2B](#pone.0225488.g002){ref-type="fig"}) and increased white adipose tissue (WAT) depots weights ([Table 1](#pone.0225488.t001){ref-type="table"}). These differences in body composition were accompanied by higher plasma leptin of IND compared to that of SOC, however, there were no effects of housing situation on plasma levels of adiponectin, insulin and corticosterone (CORT) ([Table 1](#pone.0225488.t001){ref-type="table"}).

![Body weight (gain) of individually and socially housed mice.\
(A) absolute body weight of adolescent mice. Groups did not differ in body weight at baseline (PN21; IND, *n = 28*, 11.5 ± 0.15; SOC, *n = 30*, 11.5 ± 0.12). Over the course of 3 weeks IND showed reduced body weight gain compared to SOC (p \< 0.001). (B) Body weight gain during adulthood and either control diet (CTR) or western style diet (WSD) exposure. At baseline (PN42), absolute body weight of IND was lower than that of SOC (two-way ANOVA, main effect of housing condition: f (1,88) = 27.272, p \< 0.001) while there were no differences between CTR and WSD exposed groups (IND-CTR, *n = 27*, 24.1 ± 0.27; IND-WSD, *n = 24*, 24.8 ± 0.30; SOC-CTR, *n = 23*, 26.2 ± 0.15; SOC-WSD, *n* = 20, 25.7 ± 0.36). Gained body weight between PN42 and PN126 was increased due to individual housing and WSD exposure (p \< 0.001); Data are means ± SEM; ^a^ = significant (main) effect of housing (p \< 0.05); ^b^ = significant main effect of diet (p \< 0.05).](pone.0225488.g001){#pone.0225488.g001}

![Body composition of individually and socially housed mice.\
(A) lean body mass %, (B) fat mass % and (C) femur length of adolescent (PN43) mice housed individually (IND, *n = 28*) and socially (SOC, *n = 30*); (D) lean body mass %, (E) fat mass % and (F) femur length of adult (PN126) mice housed individually or socially and exposed to either control diet (CTR) or western style diet (WSD) between PN42 and PN126 (IND CTR, *n = 27*; IND WSD, *n = 24*; SOC CTR, *n = 21*; SOC WSD, *n = 20*). Data are means ± SEM; ^a^ = significant (main) effect of housing (p \< 0.05); ^b^ = significant main effect of diet (p \< 0.05).](pone.0225488.g002){#pone.0225488.g002}

10.1371/journal.pone.0225488.t001

###### Absolute bodyweight, organ and tissue characteristics and plasma hormones of adolescent mice.

![](pone.0225488.t001){#pone.0225488.t001g}

                               IND              SOC              
  ---------------------------- ---------------- ---------------- --------------------------------------
  Absolute body weight (g)     23.85 ± 0.26     25.04 ± 0.22     [a](#t001fn002){ref-type="table-fn"}
  Carcass lean body mass (g)   13.63 ± 0.22     14.57 ± 0.19     [a](#t001fn002){ref-type="table-fn"}
  Carcass fat mass (g)         2.11 ± 0.09      1.62 ± 0.09      [a](#t001fn002){ref-type="table-fn"}
  organ / tissues                                                
  WAT,inguinal (mg)            304.67 ± 15,20   259.67 ± 12.99   [a](#t001fn002){ref-type="table-fn"}
  WAT, epididymal (mg)         395.26 ± 19.81   326.73 ± 18.76   [a](#t001fn002){ref-type="table-fn"}
  WAT, retriponeal (mg)        80.56 ± 5.09     66.26 ± 4.18     [a](#t001fn002){ref-type="table-fn"}
  WAT, perirenal (mg)          53.41 ± 3.03     42.46 ± 2.04     [a](#t001fn002){ref-type="table-fn"}
  BAT, interscapular (mg)      143.25 ± 5.48    124.66 ± 4.38    [a](#t001fn002){ref-type="table-fn"}
  liver (g)                    1.04 ± 0.03      1.12 ± 0.04      
  femur width (mm)             1.28 ± 0.01      1.38 ± 0.01      [a](#t001fn002){ref-type="table-fn"}
  plasma hormones                                                
  adiponectin (mcg/ml)         8.07 ± 0.27      7.97 ± 0.32      
  leptin (ng/ml)               2.92 ± 0.28      1.92 ± 0.23      [a](#t001fn002){ref-type="table-fn"}
  insulin (ng/ml)              0.78 ± 0.12      0.94 ± 0.14      
  CORT (ng/ml)                 33.86 ± 4.026    38.93 ± 4.11     

Bodyweight, organ and tissue characteristics and plasma hormones of adolescent (PN43) mice housed individually (IND) or socially (SOC). Data are means ± SEM;

^a^ = significant effect of housing (p \< 0.05).

Individual housing of mice increases adult body weight gain and adiposity regardless of adult diet exposure {#sec004}
-----------------------------------------------------------------------------------------------------------

Between PN42 and PN126, IND and SOC were exposed to either a western style diet (WSD; 40En% as fat) or a control low fat diet (CTR, 20En% as fat). While absolute body weight of IND groups was significantly lower than that of the SOC groups at baseline (PN42) this difference was lost at PN60 ([S1 Table](#pone.0225488.s001){ref-type="supplementary-material"}). Due to the difference between groups at baseline, adult body weight gain was compared by using weight gain from baseline. Adult body weight gain of IND exceeded that of SOC ([Fig 1B](#pone.0225488.g001){ref-type="fig"}) and exposure to WSD also increased body weight gain ([Fig 1B](#pone.0225488.g001){ref-type="fig"}). At PN126, 12 weeks after the adult diet exposure, the absolute body weight of IND was higher than that of SOC, albeit not significantly, and WSD exposed mice had significantly higher body weight than mice exposed to CTR ([Table 2](#pone.0225488.t002){ref-type="table"}). Moreover, individual housing as well as WSD exposure increased adiposity ([Fig 2E](#pone.0225488.g002){ref-type="fig"} and [Table 2](#pone.0225488.t002){ref-type="table"}). While adult LBM% was reduced by WSD exposure it remained unaffected by housing conditions ([Fig 2D](#pone.0225488.g002){ref-type="fig"}). In contrast, femur length and width were reduced in IND compared to SOC, while adult diet did not influence femur characteristics ([Fig 2E](#pone.0225488.g002){ref-type="fig"} and [Table 2](#pone.0225488.t002){ref-type="table"}). Adult leptin and insulin levels were increased by both individual housing and adult WSD exposure, while adiponectin was reduced by WSD exposure only. Plasma CORT tended to be increased in SOC compared to IND and blunted by adult WSD exposure, which appeared to be caused specifically by higher CORT levels in the SOC-CTR group compared to other groups, though the interaction between housing and adult diet did not reach significance ([Table 2](#pone.0225488.t002){ref-type="table"}).

10.1371/journal.pone.0225488.t002

###### Absolute bodyweight, organ and tissue characteristics and plasma hormones of adult mice.

![](pone.0225488.t002){#pone.0225488.t002g}

                               IND-CTR          IND-WSD          SOC-CTR          SOC-WSD          
  ---------------------------- ---------------- ---------------- ---------------- ---------------- ----------------------------------------------------------------------------
  Absolute body weight (g)     30.14 ± 0.43     40.60 ± 0.83     29.07 ± 0.40     39.12 ± 1.09     *a*, [b](#t002fn004){ref-type="table-fn"}
  Carcass lean body mass (g)   20.56 ± 0.29     25.16 ± 0.50     19.93 ± 0.41     24.97 ± 0.83     [b](#t002fn004){ref-type="table-fn"}
  Carcass fat mass (g)         4.23 ± 0.27      11.87 ± 0.53     2.56 ± 0.25      9.41 ± 0.94      [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  organ / tissues                                                                                  
  WAT,inguinal (g)             0.48 ± 0.03      1.45 ± 0.08      0.32 ± 0.02      1.10 ± 0.11      [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  WAT, epididymal (g)          0.88 ± 0.05      2.50 ± 0.11      0.53 ± 0.06      2.00 ± 0.13      [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  WAT, retriponeal (mg)        211.11 ± 16.42   649.65 ± 31.71   125.00 ± 17.10   587.78 ± 31.63   [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  WAT, perirenal (mg)          103.70 ± 9.17    360.42 ± 25.28   68.18 ± 7.11     300.00 ± 33.26   [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  BAT,interscapular (mg)       190.00 ± 9.00    422.50 ± 24.30   140.00 ± 7.53    335.00 ± 32.73   [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  liver (g)                    1.12 ± 0.04      1.69 ± 0.08      0.99 ± 0.05      1.63 ± 0.09      [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  femur width (mm)             1.29 ± 0.01      1.26 ± 0.01      1.47 ± 0.02      1.46 ± 0.02      [a](#t002fn002){ref-type="table-fn"}
  plasma hormones                                                                                  
  adiponectin (mcg/ml)         13.88 ± 1.13     13.20 ± 1.19     15.75 ± 1.45     10.88 ± 0.68     [b](#t002fn004){ref-type="table-fn"}
  leptin (ng/ml)               3.36 ± 0.45      29.60 ± 5.27     1.32 ± 0.34      18.70 ± 2.61     [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  insulin (ng/ml)              0.32 ± 0.04      1.48 ± 0.22      0.18 ± 0.03      0.99 ± 0.13      [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}
  CORT (ng/ml)                 44.59 ± 4.76     43.36 ± 5.86     62.29 ± 6.20     43.96 ± 5.05     [a](#t002fn002){ref-type="table-fn"}, [b](#t002fn004){ref-type="table-fn"}

Bodyweight, organ and tissue characteristics and plasma hormones of adolescent (PN126) mice housed individually (IND) or socially (SOC) and exposed to either control diet (CTR) or Western Style diet (WSD) between PN42 and PN126. Data are means ± SEM;

^a^ = significant main effect of housing (p \< 0.05);

^*a*^ = trend (0.05 \< p \<0.1);

^b^ = significant main effect of diet (p \< 0.05).

Individual housing of mice increases energy expenditure and energy intake and results in anhedonia {#sec005}
--------------------------------------------------------------------------------------------------

Indirect calorimetry revealed that energy expenditure was increased in IND compared to SOC: During adolescence (PN40-40), IND showed a trend for higher energy expenditure during the light phase (P = 0.08), this effect reached significance after adjusting for LBM ([Table 3](#pone.0225488.t003){ref-type="table"}). At adult age (PN106-108) IND also showed higher energy expenditure during the light phase, while energy expenditure was increased in both the dark and light phase by WSD exposure ([Table 4](#pone.0225488.t004){ref-type="table"}). At both adolescent and adult age, individual housing increased the deposition of interscapular brown adipose tissue (BAT; Tables [1](#pone.0225488.t001){ref-type="table"} and [2](#pone.0225488.t002){ref-type="table"}) in which the brown adipocyte specific Uncoupling Protein 1 (UCP-1) mediates energy expenditure to support thermogenesis. Individual housing increased mRNA UCP-1 expression in BAT of adolescent animals and in inguinal WAT of adult animals, the latter suggesting increased browning of white adipose tissue due to individual housing. Exposure to WSD reduced UCP-1 expression in inguinal WAT ([Fig 3](#pone.0225488.g003){ref-type="fig"}). In both adolescent and adult mice, cumulative energy intake over 72 hours was increased as a result of individual housing (Tables [3](#pone.0225488.t003){ref-type="table"} and [4](#pone.0225488.t004){ref-type="table"}). During the sucrose preference test IND the sucrose preference of IND during adulthood was lower than that of SOC (p \< 0.05), indicative of anhedonia, while diet did not significantly affect sucrose preference (preference index: IND CTR, 0.55 ± 0.02; IND WSD, 0.50 ± 0.02; SOC CTR, 0.59 ± 0.02; SOC WSD, 0.50 ± 0.02).

![Relative UCP1 mRNA expression of individually and socially housed mice.\
Relative UCP1 expression in (A) interscapular BAT and (B) inguinal WAT of adolescent (PN43) mice housed individually (IND, *n = 27*) and socially (SOC, *n = 29--30*); (C) interscapular BAT and (D) inguinal WAT of adult (PN126) mice housed individually or socially and exposed to either control diet (CTR) or western style diet (WSD) between PN42 and PN126 (IND CTR, *n = 27*; IND WSD, *n = 18--24*; SOC CTR, *n = 20--22*; SOC WSD, *n = 15--17*). Data are means ± SEM; ^a^ = significant (main) effect of housing (p \< 0.05); ^b^ = significant main effect of diet (p \< 0.05).](pone.0225488.g003){#pone.0225488.g003}

10.1371/journal.pone.0225488.t003

###### Indirect calorimetry during adolescence.

![](pone.0225488.t003){#pone.0225488.t003g}

                                       IND            SOC            
  ------------------------------------ -------------- -------------- --------------------------------------
  Energy Expenditure Light Phase                                     
  (kJ/g body weight)                   0.85 ± 0.01    0.82 ± 0.01    *a*
  (kJ/g LBM)                           1.49 ± 0.02    1.41 ± 0.02    [a](#t003fn002){ref-type="table-fn"}
  Energy expenditure Dark Phase                                      
  (kJ/g body weight)                   1.02 ± 0.02    1.00 ± 0.02    
  (kJ/g LBM)                           1.80 ± 0.03    1.73 ± 0.02    
  Cumulative energy intake (72 hour)                                 
  (kJ/ g body weight)                  10.05 ± 0.51   8.31 ± 0.37    [a](#t003fn002){ref-type="table-fn"}
  (kJ/g LBM)                           17.65 ± 0.88   14.29 ± 0.63   [a](#t003fn002){ref-type="table-fn"}

Average Energy Expenditure (kJ) during light (12 hr) and dark (12 hr) phase and cumulative energy intake of adolescent (PN40-PN42) mice housed individually (IND) or socially (SOC). Data are means *per cage* ± SEM;

^a^ = significant effect of housing (p \< 0.05).

^*a*^ = trend (0.05 \< p \<0.1).

10.1371/journal.pone.0225488.t004

###### Indirect calorimetry during adulthood.

![](pone.0225488.t004){#pone.0225488.t004g}

                                       IND-CTR       IND-WSD       SOC-CTR       SOC-WSD       
  ------------------------------------ ------------- ------------- ------------- ------------- ----------------------------------------------------------------------------
  Energy Expenditure Light Phase                                                               
  (kJ/g body weight)                   0.76 ± 0.01   0.65 ± 0.01   0.71 ± 0.01   0.57 ± 0.02   [a](#t004fn002){ref-type="table-fn"}, [b](#t004fn003){ref-type="table-fn"}
  Energy expenditure Dark Phase                                                                
  (kJ/g body weight)                   0.87 ± 0.02   0.71 ± 0.02   0.84 ± 0.02   0.67 ± 0.02   [b](#t004fn003){ref-type="table-fn"}
  Cumulative energy intake (72 hour)                                                           
  (kJ/ g body weight)                  5.03 ± 0.16   4.67 ± 0.20   4.55 ± 0.24   4.16 ± 0.27   [a](#t004fn002){ref-type="table-fn"}

Average Expenditure (kJ) during light (12 hr) and dark (12 hr) phase and cumulative energy intake of adult (PN106-108) mice housed individually (IND) or socially (SOC). Data are means *per cage* ± SEM;

^a^ = significant effect of housing (p \< 0.05).

^b^ = significant effect of adult diet (p \< 0.05).

Discussion {#sec006}
==========

Post-weaning individual housing reduced adolescent growth rate and predisposed animals to higher body fat accumulation, which was further exacerbated in adulthood when exposed to a moderate western style diet. These changes were observed together with increased energy intake and energy expenditure. These results indicate that post-weaning individual housing for male C57BL6j mice affects metabolic health status on short- and long term.

While others have reported no effects of post-weaning individual housing on body weight of male C57BL6j mice at 4 \[[@pone.0225488.ref034]\] and 6 weeks after weaning \[[@pone.0225488.ref038], [@pone.0225488.ref039]\], the current study shows that individual housing reduces growth rate earlier (i.e. up till 3 weeks) after weaning. Whereas the reduced body weight due to individual housing is transient, the reduced bone length and width persist into adulthood. Bone length in mice typically correlates to growth rate between 3 and 5 weeks of age \[[@pone.0225488.ref041]\], but as changes in bone mass and bone mineral density have also been reported in mice that were individually housed from adult age onwards \[[@pone.0225488.ref010], [@pone.0225488.ref042]\], reduced mechanical loading (i.e. reduced physical interaction, play, fighting) may also contribute to the shorter bone length in individually housed mice compared to socially housed mice. Individually housed animals showed increased adipose tissue deposition which was accompanied by lower lean body mass percentage in adulthood, confirming previous observations in adult mice \[[@pone.0225488.ref034], [@pone.0225488.ref036]\]. The more obese phenotype of individually housed mice in our study was reflected in circulating metabolic hormones in particular during adulthood. In contrast to others \[[@pone.0225488.ref036]\], we did not observe a higher variation in fat mass in the socially compared to individually housed mice, which may have been caused by differences in experimental design. As an unstable dominant---subordinate relationship between cage mates may result in opposing patterns in body weight gain and adiposity \[[@pone.0225488.ref012], [@pone.0225488.ref043]\] we used siblings rather than unfamiliar mice for social housing to minimize this effect. In the current study, adiposity was increased as a result of post-weaning individual housing regardless of age and adult diet. Our findings contradict the results of Bartolomucci et al, who showed higher adiposity in mice due to individual housing while exposed to a high fat diet, but reduced adiposity when animals were kept on regular, low fat rodent chow diet \[[@pone.0225488.ref044]\]. In that study however, social isolation commenced at adult age (i.e. at 12 weeks), when mice were metabolically fully mature. In contrast, mice in the current study were individually housed from weaning onwards and experienced post-weaning growth impairments. The consequences of social isolation stress for brain function in rodents are known to be dependent on the life stage during which isolation takes place \[[@pone.0225488.ref028]\]. Similarly, the metabolic consequences of individual housing may also be modulated by the life stage during which individual housing takes place.

During adolescence, when increments in lean body mass \[[@pone.0225488.ref045]\] and bone growth \[[@pone.0225488.ref041]\] are highest, energy requirements are up to 3 to 4-fold higher compared to adulthood maintenance requirements \[[@pone.0225488.ref046]\]. Mice are social species by nature that engage in social thermoregulation to reduce energy costs for thermogenesis \[[@pone.0225488.ref047]\]. Individual housing under standard laboratory temperatures as applied in the current study (i.e. 21±2 °C), which is in fact below thermoneutrality for singly housed mice \[[@pone.0225488.ref024]\], can lead to considerable increases in energy expenditure for maintenance of normal body temperature \[[@pone.0225488.ref048]--[@pone.0225488.ref050]\]. This increase in thermogenesis can be reflected by increased deposition and /or activity of brown adipose tissue (BAT) \[[@pone.0225488.ref051]--[@pone.0225488.ref053]\] as also observed as a result of individual housing in the current study. While energy expenditure of the socially housed mice in the current study could not be determined at the individual level, the calculated values per cage suggest increased energy expenditure in IND versus SOC. Different energy partitioning in individually housed mice to support increased thermogenesis may restrict energy availability for other purposes such as growth. In line with this, rearing at lower temperatures has been reported to result in reduced (bone) growth \[[@pone.0225488.ref054]\].

A higher energy intake was observed as a result of individual housing. Mice are known to increase their energy intake to compensate for increased energy costs for thermogenesis \[[@pone.0225488.ref048]\]. A different signaling of satiety cues to the brain in the early post-weaning period may influence the structural maturation of the hypothalamic circuitry responsible for the (homeostatic) regulation of food intake \[[@pone.0225488.ref033]\]. Early life energy availability can thereby have permanent effects on food intake behavior. Alterations in hedonic regulation of food intake may also contribute as individual housing has been shown to modulate reward-sensitivity and depressive-like behavior \[[@pone.0225488.ref015]\]. In contrast to the increased energy intake in individually housed animals, we found that these animals had reduced sucrose preference during adulthood compared to socially housed animals, indicative of the fact that individual housing leads to anhedonia \[[@pone.0225488.ref055]\]. It has been proposed that especially the intake of palatable or high fat diet may be increased by individual housing \[[@pone.0225488.ref044]\]. Although increased energy intake and reduced sucrose preference index in the current study appeared to be most pronounced in individually housed animals on WSD diet, there was no significant interaction between diet and housing.

Individual housing increased adiposity at 6 weeks of age and in adulthood. The period between weaning and sexual maturation represents a critical phase for the development of white adipose tissue \[[@pone.0225488.ref030]--[@pone.0225488.ref032]\]. Whereas higher energy expenditure would lead to lower, rather than higher adiposity it may be hypothesized that the increased white adipose tissue deposition observed in individually versus socially housed mice in the current study is the result of an energy intake (persistently) higher than that required to support the metabolic demands. In addition, white adipose tissue maturation can be disturbed by alterations in circulating glucocorticoids \[[@pone.0225488.ref056]\], which could affect (later in life) deposition. Basal CORT levels were however not affected during adolescence due to individual housing (but see below). As (home cage) physical activity levels were not monitored in the current study, a potential contribution of that factor to the differences in fat deposition observed between individually and socially housed mice in the current study cannot be excluded, although such an effect may be unlikely \[[@pone.0225488.ref010]\]. It remains unknown whether the increased adiposity in individually housed mice may be of functional relevance to the animal. Although it is reasonable to assume that individually housed mice would benefit from thermal insulation, white adipose tissue does not seem to have this function \[[@pone.0225488.ref057]\]. Increased white adipose deposition may however serve the purpose of energy storage that can be released when needed. Alternatively, increased deposition of white adipose tissue with higher thermogenic capacity (i.e. by increased browning), as suggested by higher WAT UCP-1 expression in individually compared to socially housed mice during adulthood in the current study, may facilitate overall increase of thermogenic capacity of individually housed animals without the need of further increasing BAT capacity. Such an effect may be less required in mice subjected to WSD relative to mice on the control diet, potentially due to alternative thermogenic mechanisms in an obesogenic state (8). Our data do not provide answers to what extent alterations in functioning of the HPA axis plays a role in these mechanisms. Whereas emotionally stressful experiences in rodents such as social isolation during adolescence can permanently alter HPA function (see for a review \[[@pone.0225488.ref058]\], this may not be reflected in higher (basal) corticosterone levels in individually compared to socially housed male mice \[[@pone.0225488.ref019], [@pone.0225488.ref059]--[@pone.0225488.ref061]\]. Indeed, basal circulating CORT levels of mice in the current study were not affected by housing conditions during adolescence and tended to be lower in individually versus socially housed mice during adulthood. Potential effects of individual housing on altered HPA responsiveness \[[@pone.0225488.ref019], [@pone.0225488.ref059]\], could however not be excluded based on the current study design. Reduced basal corticosterone levels in adult mice fed WSD confirms a blunting of basal HPA activity due to high fat diet \[[@pone.0225488.ref062]\].

The results of this study are of direct relevance to (metabolic) health and obesity research using mice models. The standard environmental temperature in laboratories (i.e. around 20° C), is below thermoneutrality for mice \[[@pone.0225488.ref024]\]. Whereas there is no consensus on the optimal ambient temperature for mice in order to best model human physiology and disease (e.g. \[[@pone.0225488.ref050], [@pone.0225488.ref063]--[@pone.0225488.ref065]\]), there is agreement that temperatures below 21° are too cold for mice housed individually. Cold stress has been proposed as a factor that limits the translational value of mice models to study how environmental factors and or treatments modulate human obesity and other disease \[[@pone.0225488.ref066]--[@pone.0225488.ref068]\]. Whereas environmental temperature was not included as a variable in the current study, our data confirm that individual housing of mice compared to social housing at these standard temperatures alters energy balance and metabolic phenotype that may lead to even further deviation from human physiology. Individual housing may therefore be regarded as an additional limitation to the translational value of such mouse research models. Moreover, the results from this and other studies \[[@pone.0225488.ref008], [@pone.0225488.ref010]\] show that the metabolic derangements observed in individually versus socially housed mice are not always reflected in different body weights. This stresses that potential confounding influences of environment on mouse physiology may remain unnoticed when only body weight is monitored.

Different forms of (social) housing may be applied for laboratory mice depending on the study design and local regulations. In the current study social housing comprised 2 male mice (siblings) per cage, representing the lowest possible cage density under social circumstances. Moreover, all mice were kept in static cages containing wood shavings as bedding, cage enrichment (shelter) and nesting material (nestlets). Whereas not identified as a significant moderator in the systematic review and meta-analysis for rats and mice combined \[[@pone.0225488.ref008]\], one may speculate that the metabolic differences between individually and socially housed mice could be even more pronounced when mice are housed in larger groups (i.e. \>2). A higher cage density for mice has been reported to increase within-cage temperature \[[@pone.0225488.ref048]\], thereby reducing the need for energy intake to support thermogenesis. Likewise, within-cage environment (e.g. cage enrichment items, amount and type of bedding and nesting materials) and ventilation systems (static vs individually ventilated cages) may further modulate the metabolic consequences of individual housing in mice as these factors influence cage temperature and can lead to behavioral and metabolic adaptations \[[@pone.0225488.ref069]--[@pone.0225488.ref074]\]. The potential (interaction) effects of different cage densities and cage environments on mouse health remains to be systematically evaluated in future research.

For humans, poor weight gain during the first two years of life is recognized as a risk factor for obesity and metabolic disease at later life stages \[[@pone.0225488.ref075], [@pone.0225488.ref076]\]. While we here show that post-weaning individual housing of mice also reduces early life growth rate and predisposes to (adult) obesity, there are critical differences in the underlying mechanisms that prevent individual housing to be used as a model per se for (programmed) obesity in humans. In humans, poor weight gain early in life generally results from insufficient energy intake and/or nutrient malabsorption, resulting in long lasting adaptations in energy balance regulation such as increased energy intake, lower energy expenditure and altered fat metabolism that favor a positive energy balance throughout life \[[@pone.0225488.ref077]\]. Rather than insufficient energy intake during critical phases of early life growth and metabolic development, individual housing in mice alters energy partitioning and increase energy expenditure.

In summary, this study shows that individual housing of male mice from weaning onwards causes substantial alterations in growth, body composition and energy balance regulation and predisposes to later in life obesity. We conclude that for (metabolic) research models with mice, the (social) housing practices should be carefully considered and regarded as a potential modulator of (metabolic) health outcomes, which may complicate the translational value of study results to the human situation.

Methods {#sec007}
=======

Animals {#sec008}
-------

All experimental procedures complied to the principles of laboratory animal care and were carried out in compliance with national legislation following the EU-Directive 2010/63/EU for the protection of animals used for scientific purposes and were approved by the ethics committee for animal experimentation (DEC-Consult, Soest, The Netherlands). All animals were kept in a controlled environment (12/12h light/dark cycle with lights on at 08:00, 21±2 °C) with *ad libitum* access to food and water, unless specified otherwise. Male C57BL/6J mice were bred in house, breeder dams and males were obtained from Charles River laboratories (Sulzfeld, Germany. After 2 weeks acclimatization, two females were introduced to a cage with a male. After 3 days, the male was removed and after 2 weeks females were individually housed and left undisturbed until birth of the litter. After birth, at PN2, litters were randomized and culled to 6 pups per dam (male:female ratio, 4:2 or 3:3). Body weight was recorded on weekly base starting at PN21 onwards.

Housing conditions {#sec009}
------------------

All mice were housed in static, polycarbonate type III open cages, with bedding (Aspen wood shavings), nesting material (nestlet) and a plastic shelter (Red house; (Techniplast, Va, Italy). Directly after weaning at PN21 male offspring were moved to a different room and were randomly allocated to either of two housing conditions; housed individually (**IND**; 1 animal per cage) or housed socially with a littermate (**SOC**; 2 animals per cage). All cages were randomly placed in racks in the same room while no attempt was made to prevent visual, auditory or olfactory contact between mice in neighboring cages and / or cages elsewhere in the room. Animals remained in their respective housing conditions until sacrifice at either adolescent age (PN43) or at adult age (PN126).

Diets {#sec010}
-----

All rodent diets (Research Diet Services, Wijk bij Duurstede, the Netherlands) were semisynthetic and were based on the American Institute of Nutrition (AIN)-93 purified diets \[[@pone.0225488.ref078]\]. Breeder animals, dams and offspring until PN42 were kept on a AIN-93G (growth) based formulation whereas from PN42 onwards mice were subjected to a AIN-93M (maintenance) based formulation either with normal fat content (control (**CTR**); 20En% as fat) or a moderate high fat content (Western Style Diet (**WSD**); 40En% as fat) until the end of the study.

Study design {#sec011}
------------

Effects of social housing conditions on metabolic phenotype were investigated during adolescence (PN21-42) and during adulthood (PN42-126; while exposed to either CTR or WSD) using different animals. In total six groups were used in this study: two groups for collection of readouts during adolescence (individual housing, **IND**, n = 28; social housing, **SOC**, n = 30; dissection at PN43) and 4 groups for collection of readouts during adulthood (individual housing and control diet, **IND CTR**, n = 27; individual housing and Western Style diet, **IND WSD**, n = 24; social housing and control diet, **SOC CTR**, n = 24; social housing and Western Style Diet, **SOC WSD**, n = 20; dissection at PN126). One animal in the SOC AIN group was excluded from statistical analysis due to malocclusion, the animal was however kept in the study to avoid individual housing of its cage mate.

Metabolic readouts {#sec012}
------------------

### Indirect calorimetry and other metabolic chamber recordings {#sec013}

Individually and socially housed mice were placed in their home cage in enclosed boxes with controlled circulation for 72 hours (adolescence, PN40-42; adulthood, PN106-108). An open-circuit indirect calorimeter system allowed determination of rO~2~ (l h^-1^) and rCO~2~ (l h^-1^). The flow of inlet air was regulated by a mass flow controller (Type 5850 Brooks mass flow controller, Rijswijk, the Netherlands). After passing through the individual boxes, the air was dried (3 Å molecular sieve drying beads, Merck, Darmstadt, Germany) and the concentrations of O~2~ and CO~2~ (inlet and outlet air) from each individual box was measured with a paramagnetic O~2~ analyzer (Sevomex Xentra 4100, Crowborough, UK) and an infrared CO~2~ gas analyzer (Servomex 1440). These gas analyzers were calibrated with two gas mixtures of which O~2~ and CO~2~ concentrations were known. After 24 hours of acclimatization, gas exchange (O~2~ and CO~2~) was continuously recorded per cage. The corresponding respiratory quotient (RQ) was calculated as the ratio of CO~2~ production and O~2~ consumption. Energy expenditure (kJ/time unit) was calculated using the formula: energy expenditure = (\[(RQ---0.70) / 0.30\] x 473) + (\[(1.0---RQ) / 0.30\] x 439) x VO~2~. As energy expenditure is influenced by body weight and body composition \[[@pone.0225488.ref079]\], all data were adjusted for total body weight (g) of mice in the cage. In addition, data from adolescent animals were adjusted for total lean body mass (g) of mice in the cage---based on carcass LBM at PN43-. For adult animals however, this correction could not be made as metabolic chamber recordings took place between PN106-108 but carcass LBM was not determined until PN126. Total energy intake (kJ) over 72 hours in the metabolic chambers was recorded per cage by weighing the hopper with food and intake was adjusted for the total body weight (and LBM where applicable) of mice present in the cage.

### Sucrose preference test {#sec014}

To test effects of housing condition and diet on reward sensitivity, a sucrose preference test was performed over a 6-day period during adulthood, from PN74 to 80. Two bottles were present in each cage, one with tap water and the other with 0.1% sucrose (PN74 to 76) or 1% sucrose (PN77 to 80). Position of the bottles, left or right, was alternated each day. The daily consumption of water and sucrose was registered by weighing the bottles daily and preference index was calculated as average daily sucrose water (ml) consumed / total liquid intake from PN77 to 80. For socially housed animals, the values per cage were divided by 2.

### Tissue collection and body composition {#sec015}

Mice were sacrificed at adolescent age (PN43) or at adult age (PN126). On the evening prior to sacrifice mice were provided with 2 g food/animal in the cage to induce a fasting state. The next morning, mice were anaesthetized by isoflurane inhalation which was followed by heart puncture and decapitation. Blood was collected in EDTA tubes and centrifuged at 2600 G for 10 minutes, plasma was stored at -80°C until further analyses. Liver, WAT depots (inguinal; epididymal; retroperitoneal; perirenal) and interscapular BAT were removed from the carcass, weighed on a micro-scale and snap frozen. Length and width of the right femur were measured using a digital micro-caliper. Carcasses were dried till constant weight at 103°C (ISO 6496--198 (E)), followed by fat extraction with petroleum ether (Boom BV, Meppel, the Netherlands) in a soxhlet apparatus. Total body fat % was calculated by (total carcass fat + weight of dissected WAT and BAT depots)/body weight (g). All tissue analyses were performed by a technician blinded to the experimental conditions.

### Plasma measurements {#sec016}

Plasma hormones corticosterone (CORT), adiponectin, leptin and insulin were analyzed in duplicate by commercial ELISA's according to manufacturer's instructions (EIA CORT kit, Arbor Assays, Michigan, USA; adiponectin, insulin and leptin, Milliplex Mouse Adipokine Multiplex, Millipore, Amsterdam, The Netherlands).

### RNA isolation and quantitative real-time PCR {#sec017}

In order to study whether the housing conditions and or adult diet affected (non-shivering) thermogenic capacity, the mRNA expression of UCP-1 was examined in BAT and inguinal WAT. RNA was isolated and cDNA was formed using commercial kits according to manufacturer's instructions (NucleoSpin miRNAs kit; Macherey-Nagel, Düren, Germany; iScript cDNA synthesis kit, Bio-Rad, Veenendaal, Netherlands). Quantity and chemical purity of RNA and cDNA were assessed using Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). mRNA expression was measured using real time polymerase chain reaction (RT-PCR) according to a protocol previously described \[[@pone.0225488.ref080]\]. The RT-PCR was performed in triplicates by using validated UCP-1 primers (forward primer `CAAAAACAGAAGGATTGCCGAAA`, reverse primer `TCTTGGACTGAGTCGTAGAGG`), with housekeeping gene RPL13A, SYBR green and the CFX96 qPCR (Bio-Rad, Veenendaal, Netherlands). UCP-1 expression values were normalized to non-targeted RPL13A expression levels within the same sample to determine deltaCt (deltaCt = Cq gene--Cq). The deltaCt values for each replicate was then exponentially transformed to deltaCt expression (Mean deltaCt expression; \[2\^(Cq gene---Cq RPL13A)\]. DeltaCt expression values were finally averaged for each triplicate. LinRegPCR (version 12.15, 2011) was used to calculate PCR efficiencies for each sample.

Statistical analysis {#sec018}
====================

Statistical analyses were performed using SPSS 22.2 (IBM Software). Effects of housing conditions on growth during adolescence (PN21-42) were analyzed by analysis of variance (ANOVA) with repeated measures (PN as the repeated measures). Body weight gain during adulthood (PN42-126) was analyzed by two-way ANOVA with repeated measures (adult diet x housing conditions with PN as the repeated measures). All other parameters were analyzed by one-way ANOVA (housing conditions, adolescence) or two-way ANOVA (housing conditions x diet, adulthood), significant interaction effects were followed by Tukey's post hoc test. All data are presented as mean ± SEM and considered significantly different when p \< 0.05.

Supporting information {#sec019}
======================

###### Absolute bodyweight of adult mice housed individually or socially and exposed to either control diet (CTR) or Western Style diet (WSD) between PN42 and PN126.

Data are means ± SEM; ^a^ = significant main effect of housing (p \< 0.05); ^*a*^ = trend (0.05 \< p \<0.1); ^b^ = significant main effect of diet (p \< 0.05); ^c^ = significant interaction housing x diet (p \< 0.05); ^*c*^ = trend (0.05 \< p \<0.1); ^d^ = significantly different from IND-CTR (p \< 0.05); ^e^ = significantly different from IND-WSD (p \< 0.05); ^f^ = significantly different from SOC-CTR (p \< 0.05).

(DOCX)

###### 

Click here for additional data file.
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Response to editors comments:

General: "Authors have investigated metabolic performance and vulnerability to diet induced obesity in mice in response to individual or collective housing. Findings are clear and not over-interpreted. However novelty/originality is not clear and the paper seems to be incremental only. To address this point, I suggest inserting a mini-review based on previous papers in the introduction section, with a statement on what we know and what we do not know actually, just before giving the main objective of the present work."

Response: We thank the reviewer for this suggestion. A few lines have been added to the introduction where current (gaps in) knowledge about metabolic consequences of post-weaning individual housing for mice have been addressed specifically.

Comment 1: "Please indicate issues from previous works on the same topic in the introduction section and state questions that still remain, which will improve interest for the present work. For instance, studies that are already cited in the discussion should be included in this introduction, to reveal lacks or discordance on the effect of housing on energy homeostasis. Studies already cited in the discussion are: Tsuduki et al. 2012; Bibancos et al. 2007; Lopez et al. 2015; Shin et al 2018; Nagy et al. 2002; Moles et al. 2006."

Response: In line with the previous comment of this reviewer, we have indeed now used these and some additional references in the introduction where appropriate and describe what knowledge is still lacking.

Comment 2: "Others studies not mentioned in the first version of this paper should appear here as well:

Breslin et al. Laboratory Animals 44, 2010; Guo et al. Prog Neuropsychopharmacol Biol Psychiatry 28, 2004; Nonogaki, Biochem Biophys Res Commun 378, 2009; Nonogaki, Endocrinology 2007; for instance''

Response: These references have been added in the introduction when appropriate.

Comment 3: "More recent papers on thermoneutrality in mice and its impact on DIO models should be included. See Keijer et al. Mol Metab 25, 2019, and Fischer et al. Mol Metab 7, 2018, and related comments in 2019"

Response: A few lines have been added to the discussion section about the current debate on what is the optimal environmental temperature for mice to mimic human physiology and disease. The references suggested by the reviewer have been included. In addition, three (recent) review articles (i.e. Karp 2012; Ganeshan 2017; Hankenson 2018) addressing translational value of mouse models in relation to environmental temperature have been cited.

Comment 4 "For statistical analysis, post hoc tests should be performed after ANOVA".

Response: Post hoc tests have been performed after ANOVA upon identification of a significant housing\*diet interaction effect. This has now been described in the methods section.

Additional comment that was raised by the editor in the decision letter: "We note that you have included the phrase "data not shown" in your manuscript \[....\]. Please add a citation to support this phrase or upload the data that corresponds with these findings to a stable repository"

Response: The phrase "data not shown" has been removed. The data have now been added as supplementary table 1.

 

Response to reviewers comments:

Reviewer \#1

General: "Overall this study successfully demonstrated the effects of individual housing of male mice on body weight and composition during adolescence and further in adulthood with standard or increased caloric intake diets. This is an important aspect of the current interest in obesity and in particular the use of rodent models. Since individual housing is a common approach for rodent studies the current findings are very pertinent to this, and other, area(s) of research using mice.

Despite this, the authors have not made any comment on their decision to use pairs of mice as the social housing comparison. Mice are very commonly housed in larger groups, or even as trios, as has been the case in a number of the studies referenced in this manuscript. Certainly the authors demonstrated significant differences between the two groups of differently housed mice, however, it would have more applicability and relevance if the "control" group where a more common grouping. The general cage temperature is likely to be even higher in multiply-housed mice than when in pairs, indicating that housing mice in pairs may also be a form of chronic stress".

Response: We thank the reviewer for noting the relevance of the current work to (obesity related) rodent studies in which individual housing is common practice.

The reviewer rightfully points out that large variety exists in the form in which social housing is applied. For instance, in our lab, pair housing is the default form of social housing for male mice, but other labs may have different preferences for cage density depending on husbandry, previous experience and or (local) regulations. The objective of the current study was to evaluate effects of individual vs social housing in mice. Two mice per cage represents the minimum number of animals per cage required for 'social housing'. One may speculate that differences between individual and group housed mice (\>2 per cage) may even be more pronounced as temperature within the cage may increase with density. However, comparing effects of different types of social housing (i.e. densities) on metabolic health parameters in mice was beyond the scope of the current study. We have added a paragraph to the discussion (lines 284-298) to elaborate on potential effects of cage density and other within-cage environmental factors (which may also interact with cage density) to modify metabolic outcomes.

Abstract Comment 1. "The abstract lacks any sort of introduction and starts with the results which provides no context for conducting the study. This is partly resolved by the last sentence of the introduction, which should probably be the first sentence"

Response: We have followed the reviewer's suggestion and have now started the abstract with an introduction, providing more context to the topic (using also the former last sentence of the abstract).

Results Comment 1: "Most of the results are clearly and concisely presented, however there were a few that need further or alternate explanation. For example, it is unclear why, in Figure 1A the results are expressed as absolute body weight while in Figure 1B they are weight gain. This diminishes the effect of reduced weight gain in days PN21-42 in the IND mice and leads one to believe that at the start of the different diets the mice were all the same weight. It also means the reader cannot see at what age the IND mice become heavier that the SOC mice"

Response: Figure 1A describes the effects of housing conditions on weight gain between PN21 and 43. Groups are similar at baseline (PN21); therefore, the data are expressed as absolute body weight. Figure 1 B describes effects of housing conditions and diet intervention between PN42 and PN126. PN42 is considered as baseline for the adult group as it is the start of a new diet (WSD or AIN-93-M). As described in the figure caption 1B and in the accompanying text in the results section, the (absolute) bodyweight of animals at baseline (PN42) was significantly different between socially and individually housed groups. Unequal characteristics at baseline may be considered as a source of bias in animal studies (See for example Hooijmans et al. BMC Medical Research Methodology 2014, 14:43; doi: 10.1186/1471-2288-14-43). To correct for unequal distribution of groups at baseline the body weight is expressed as gained weight from P42 onwards in figure 1B.

Several changes have been made to the text in manuscript and figures to avoid further confusion on this matter:

\- In the objective (in introduction) it is stated that adult body weight gain (rather than growth) has been evaluated in the current study.

\- The title of figure 1B has been changed to "adult gained bodyweight" rather than "adult growth" to better reflect the data that is presented in the graph. In the figure caption several textual changes were made as well to emphasize the differences in absolute body weight at baseline.

\- The text in the results section has been reordered in such a way that the absolute body weight at PN42 is described earlier than the gained body weight.

Furthermore, the absolute body weight of the groups at PN42, 60, 80, 100 and 126 has been added as supplementary material (supplementary table 1).

Results Comment 2: "In Figures 2 and 3 the authors have used different y-axis scales for the same parameter for the adolescent and adult mice and in some instances have not started at zero. This approach certainly highlights the differences between groups within each individual figure but makes comparisons between figures difficult. Since most differences are statistically significant there is no reason to "inflate" the results by manipulating the figures to emphasize statistical differences".

Response: Y-axis scales for the same parameters have now been aligned between the adolescent and adult mice and start at zero where possible. For some parameters (e.g. LBM and femur length) however Y-axis breaks have been implemented as the reader would otherwise not be able to tell from the individual figures how groups are different from each other.

Results Comment 3: "In Table 2 for absolute body weights the authors have included a superscript for a "trend" according to the legend for Table 3 which does not appear in the Table 2 legend. Further, the text (line 106) states that the body weight was greater but not statistically for IND mice regardless of diet, yet the table implies otherwise. So it is unclear what the statistical significance of the difference in these groups of mice really is."

Response We thank the reviewer for noting this error. As described in the text, the difference between social and individually housed animals was not significant but a trend was found. The superscript for trend in the table is therefore correct, however the figure legend was incomplete. We have adapted the figure legend accordingly.

Results Comment 4: "Tables 3 and 4 which present the same data for adolescent and adult mice but otherwise differ in that for the adolescent mice the energy expenditure is expressed as both kJ/g body weight and kJ/g lean body mass. There is no explanation for this and the only apparent reason is that it provides another "significant" result at the p\<0.05 level when otherwise it would only show a \"trend\".

Response: Energy expenditure can be influenced by bodyweight and LBM (see line 369, reference Tschop 2011) and if possible, data should be adjusted for these parameters. For adolescent mice in the current study this correction was appropriate as the LBM was determined within 24 hours after the metabolic chamber recordings. For adult animals however, we were unable to make this correction as metabolic chamber recordings took place at PN106-108, but the LBM was not determined until PN126; \> 2 weeks later. The LBM might have changed in the period in between measurements and correction for LBM was therefore considered inappropriate. The different approach used for adolescent and adult animals has now been made clearer in the method section (see line 371-373).

Methods Comment 1:"For the most part the methods are clearly written although some aspects are lacking in details, making replication of the experiments difficult to achieve. For instance, it is unclear whether the caging used was individually-ventilated or open. The technique used for the indirect calorimetry is especially vague in regard which equipment was used and from which manufacturer it was purchased. There is indication whether the plasma hormone analyses were done in either duplicate or triplicate, which presumably they were".

Response: We have followed the suggestion of the reviewer and have provided the missing details in the methods section of the manuscript.

 

Response to reviewers comments:

Reviewer \#2

General comment: "The study investigate metabolic performance of mice in response to individual or collective housing. The work is rigorous, well conducted and data are presented clearly. The paper is very well written and pleasant to read.

Criticisms: the paper seems to be incremental only and originality does not clearly appear in regards to previous works on the topic. Please indicate previous findings in last paragraphs of the introduction and indicate the interest of this new study. Also include additional references in the discussion to compare with these findings."

Response: We thank the reviewer for his/her complements on the quality of the work and the readability of the paper. As suggested by this reviewer and the editor, we have now described the previous findings of other researchers using a similar model and have pointed out what was still not known. Additional references relevant to the model and results of the current study have been added at several places in the introduction and discussion.
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Dear Dr. Schipper,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

I only noted one minor wording matter in the abstract, which I recommend to change: The term \"confounder\" does not seem to fit here. To my understanding, this would be a factor that confounds a difference between two study conditions. Here, I feel that something like \"\... housing conditions could influence \... the outcomes\" would be preferable.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Clemens Fürnsinn, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

I noted one minor wording matter in the abstract, which I recommend to change: The term \"confounder\" does not seem to fit here. To my understanding, this would be a factor that confounds a difference observed between two study conditions. Here, I feel that something like \"\... housing conditions could influence \... the outcomes\" would be preferable.

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes
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5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)
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7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: Yes: Alexandre Benani
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Dear Dr. Schipper:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.
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